###### Significance of this study

What is already known on this subject?
======================================

-   Increased neuronal expression of transient receptor potential vanilloid type 1 (TRPV1) has been reported in colonic biopsies of patients with IBS.

-   TRPV1 modulates visceral sensitivity and mechanosensation in animal models of IBS following stress or colonic inflammation.

-   Aberrantly expressed microRNAs are present in colonic biopsies of several GI tract diseases and disorders such as IBD and IBS.

What are the new findings?
==========================

-   Colonic miR-199 is decreased in patients with diarrhoea-predominant IBS (IBS-D) with visceral pain and directly correlates with increased colonic TRPV1 expression and inversely with visceral pain scores.

-   TRPV1 is a bona fide target of miR-199.

-   Decreased miR-199 levels are present in the colon and dorsal root ganglion of an animal model of visceral hypersensitivity.

-   Administration of miR-199 (lenti-miR-199 precursor) reverses visceral nociception in an animal model of visceral hypersensitivity.

How might it impact on clinical practice in the foreseeable future?
===================================================================

-   This study provides evidence in patients with IBS-D that decreased colonic miR-199 expression contributes to chronic visceral pain and nociception via upregulation of TRPV1 expression.

-   Decreased miR-199 is a key factor that may drive increased TRPV1 expression and results in chronic visceral pain in patients with IBS.

-   There is a potential role for miR-199 precursors, which may ultimately be used in vivo to dampen TRPV1 expression and subsequently reduce symptoms in patients with IBS.

Introduction {#s1}
============

IBS is one of the most frequent GI disorders characterised by chronic abdominal pain and an alteration in bowel habits with diarrhoea and/or constipation.[@R1] Despite its high prevalence, the pathophysiological mechanisms that lead to chronic symptoms in IBS are poorly understood. Some patients with IBS demonstrate enhanced responses to distension of the gut lumen, that is, visceral hypersensitivity (VH), which may account for symptoms of urgency, bloating and abdominal pain.[@R2] [@R3] The factors that trigger abdominal pain and VH are uncertain, but several mechanisms have been postulated such as inflammation or postinjury sensitisation.[@R4] [@R5] In response to a triggering event such as inflammation, trauma or environmental stress, the primary visceral afferents to the gut become sensitised, leading to chronic visceral pain in patients with IBS.[@R6]

Recent evidence suggests the involvement of the transient receptor potential vanilloid type 1 (TRPV1) protein in visceral pain. It is a non-selective, ligand-gated, cation channel that is expressed on peripheral primary afferent sensory neurons. When activated by heat, capsaicin, acidic pH, resinferatoxin and/or inflammatory mediators, these channels produce a burning sensation and/or pain.[@R7] TRPV1 has been shown to increase visceral sensitivity and mechanically induced sensations (mechanosensation) in animal models following stress or adult and neonatal colonic inflammation.[@R8] Patients with IBS have increased TRPV1 expression in colonic biopsies, which correlates with abdominal pain.[@R13] Thus, aberrant activity of the TRPV1 receptor may play an important role in the pathogenesis of abdominal pain and GI symptoms in IBS.[@R13] [@R14]

Another factor that is likely involved in these mechanisms is microRNA (miRNA). Particular sets of miRNAs are key regulators of gene expression throughout the digestive tract.[@R15] [@R16] We reported aberrant miR-29a expression in the gut tissue of patients with IBS with increased intestinal permeability.[@R17] Here we present evidence that miR-199 is involved in visceral pain modulation in IBS. We focused our studies on miR-199a/b for several reasons: (1) based on our TaqMan miRNA real-time PCR assay, it was the most downregulated miRNA among the group of miRNAs altered; (2) both miR-199a and miR-199b have the same predicted target (TRPV1), which is an important modulator of visceral pain/hypersensitivity; and (3) the miR-199 family has various levels of complementarity between the target sequence (TRPV1) and miR-199a and miR-199b. Although pathophysiological roles for aberrant miRNA expression in GI disorders have been postulated, how specific miRNAs modulate nociceptive neurotransmitters such as TRPV1 has not been previously reported. In this study, we examined the possible mechanisms for upregulation of TRPV1 signalling by miRNAs. Our study objectives were as follows: (i) to evaluate visceral pain and gut miRNA expression in patients with diarrhoea-predominant IBS (IBS-D); (ii) to use an animal model of VH to study molecular changes in the dorsal root ganglion (DRG) and the colon; (iii) to determine whether induction of miR-199 in vivo can reverse VH; and (iv) to evaluate predicted targets of miR-199a/b (TRPV1) as critical signalling molecules involved in the regulation of visceral pain/hypersensitivity. Achievement of these objectives will lead to a better understanding of the pathophysiological mechanisms underlying visceral pain in patients with IBS and provide a basis for future development of miRNA-based therapies for IBS.[@R18]

Materials and methods {#s2}
=====================

Human subjects {#s2a}
--------------

Patients with IBS-D and healthy controls were recruited via posted advertisements. The diagnosis of IBS-D was made using the ROME III criteria and exclusion of organic disease.[@R1] During the introductory session, participants underwent (1) physical examination, (2) lactulose breath test for bacterial overgrowth (see online supplementary methods)[@R19] and (3) blood draw for tissue transglutaminase antibody to rule out coeliac sprue. Subjects who qualified completed a visceral pain questionnaire and underwent colonoscopy within 1 week of the introductory session. The visceral pain questionnaire was a standardised, 0--100 visual analogue scale that was used to have patients rate their level of abdominal pain on a continuous line anchored from 0 (no pain) to 100 (most severe pain). Random biopsies were obtained from the ascending, transverse and descending colon for H&E staining and RNA and molecular studies. Standard pathological criteria were used to determine the presence of microscopic inflammation in the colonic tissues.

miRNA analysis {#s2b}
--------------

Total RNA was isolated from tissue biopsies by Trizol (Invitrogen, Carlsbad, California, USA) according to the manufacturer's protocol. RNA was labelled and hybridised on miRNA microarray chips as previously described.[@R17]

TNBS animal model and visceral hypersensitivity testing {#s2c}
-------------------------------------------------------

Male Fisher 344 rats received an intracolonic infusion (80 mg/kg) of 2,4,6-trinitrobenzene sulfonic acid (TNBS) in 50% ethanol to produce colitis.[@R20] [@R21] Thirty days after TNBS colitis was healed, colonic distension with a barostat was performed to measure the mean nociceptive threshold for each rat (see online supplementary methods).[@R20]

In vivo lentiviral delivery of miR-199a precursor {#s2d}
-------------------------------------------------

A lentivirus encoding the miR-199a precursor (miR-199a) and scrambled controls (scr-miR) were obtained from System Biosciences. For in vivo miRNA delivery, 18 male Fisher 344 rats with VH (weighing 100--150 g) received lentivirus containing either GFP and miR-199a expression vector (lenti-miR-199a) or GFP and control miRNA expression vector (lenti-miR-control). The lentivirus was introduced by two intraperitoneal injections daily; each containing 1 mL lentivirus solution containing 1×10^9^ IFU in media, 4 µg/mL polybrene and 1× phosphate buffered saline per rat. The rats were sacrificed at 3 and 8 days (lentivirus-miR-control, each time point n=4; lenti-miR-199a-precusor, each time point n=5) following VH testing.

Quantitative real-time PCR {#s2e}
--------------------------

Reverse transcription was done using 0.5 µg of total RNA, and TaqMan MicroRNA Reverse Transcription Kits (Applied Biosystems, Foster City, California, USA). The primers and probes for real-time PCR were designed using Primer Express software and synthesised at Applied Biosystems (Foster City, California, USA).

Immunoblotting and ELISA assay {#s2f}
------------------------------

Protein extraction, western blot and ELISA assay were done on human colon tissue and rat DRG/colon tissue to detect TRPV1 expression.

Cell culture {#s2g}
------------

Human neuronal cells (LUHMES, ATCC-CRL-2927, ATCC, Manassas, Virginia, USA) were used for this study. The cells were cultured as recommended by the suppliers, and the original growth protocols were followed.

### Transductions and reagents {#s2g1}

Human neuronal cells LUHMES (ATCC CRL-2927) were plated onto a 24-well plate, which were sequentially precoated with 50 µg/mL poly-L-ornithine (Sigma, cat. no. P-3655) and then with 1 µg/mL human fibronectin (Sigma, cat. no. F-0895) and cultured at 37°C overnight. Cells were transduced with 10 µL of 100× lentivirus encoding miR-199a/b precursors and control precursor using TransDux reagent (System Biosciences, Mountain View, California, USA).

### Luciferase assay {#s2g2}

Luciferase assays were done 48 h post-transfection following the manufacturer's protocol (Dual-luciferase reporter assay system; Promega, Madison, Wisconsin, USA). Renilla luciferase activity was normalised to firefly luciferase activity for each sample (see online supplementary methods).

### Confocal fluorescence microscopy {#s2g3}

Human neuronal cells LUHMES (ATCC CRL-2927) were plated onto Nunc Lab-Tek II Chamber Slide System (Thermo Fisher Scientific, Waltham, Massachusetts, USA), which is sequentially precoated with 50 µg/mL poly-L-ornithine (Sigma, cat. no. P-3655) and then with 1 µg/mL human fibronectin (Sigma, cat. no. F-0895) and cultured in 37°C overnight. Cells were transduced with 10 µL of 100× lentivirus encoding miR-199a/b precursors or control precursors using TransDux reagent (System Biosciences, Mountain View, California, USA). Seventy-two hours post-transduction, cells were fixed and probed with anti-TRPV1 (Abcam, Cambridge, Massachusetts, USA). The primary antibody was detected using Alexa Fluor dye conjugated antibodies (Invitrogen, Carlsbad, California, USA) while the nuclei were stained with 4′,6-diamidino-2-phenylindole (Invitrogen, Carlsbad, California, USA). Cells were observed on a Zeiss LSM 510 META laser scanning confocal microscope. Images were analysed with LSM Image Browser software (V.4.2).

### Fluorescence in situ RNA hybridisation {#s2g4}

A locked nucleic acid (LNA) probe with complementarity to miR-199 was labelled with 5′ and 3′-digoxigenin and synthesised by Exiqon (Woburn, Massachusetts, USA). A scrambled LNA probe was used as a negative control. The slides were prehybridised for 30 min at 52°C, and then 10 pmol of the probe in 60--100 µL of hybridisation mixture was added to each slide and incubated for 1 h at 52°C. Slides were incubated with 3% (vol/vol) H~2~O~2~ for 10 min at room temperature (RT) to block endogenous peroxidases before applying horseradish peroxidase-conjugated antibodies. After washing, slides were incubated in blocking buffer for 30 min at RT, then 100--150 µL antibody was added and slides were incubated for 30 min at RT. The TSA Plus Fluorescein System (PerkinElmer, Waltham, Massachusetts, USA) was used for direct fluorescence detection according to the manufacturer\'s protocol. The slides were imaged using an epifluorescence microscope equipped with charge-coupled device camera and image analysis capabilities.

### Northern blots {#s2g5}

Samples containing 20--40  μg total RNA (in a volume of 10 μL or less) were mixed with Bartel Lab 8 M Urea Loading Buffer. The membrane was prehybridised in hybridisation buffer at 55°C for 5 h with rotation. A total of 1--20 nM biotin-labelled miRNA probe was added to the hybridisation buffer, which was incubated at 55°C overnight with rotation. The streptavidin-IRDye 680 was diluted at 1:10 000 in blocking buffer; the samples were then incubated for 30 min at RT with gentle shaking and scanned on an LI-COR Odyssey infrared imaging system.

### Data analysis {#s2g6}

Statistical analyses were done using GeneSpring GX software V.7.3 (Agilent Technologies, Santa Clare, California, USA), Prism V.6 (Graph Pad, San Diego, California, USA) and ASA software V.9.1.3 of the ASA system. One-way analysis of variance was done followed by Tukey\'s comparison or by the Benjamini and Hochberg correction for false-positive reduction. t Tests were also used. Values are expressed as mean±SD. Tissue samples were paired for comparisons based on matching for age and sex. Spearman\'s correlation coefficients were used to examine the correlation between visceral pain scores and colonic miR-199a/b expression.

Results {#s3}
=======

There were 131 patients with IBS-D and 61 controls that were screened for the study. A total of 45 patients with IBS-D (mean age 29.4+3.2 years) and 40 controls (mean age 30.8+2.8 years) were enrolled in the study. All subjects completed the study without any dropouts. All patients with IBS-D had between 3 and 8 loose, watery stools (Bristol Stool Scale 6--7) per day associated with daily lower abdominal pain for at least 5 years. All participants had both a negative hydrogen breath test and tissue transglutaminase antibody. No participant ingested non-steroidal anti-inflammatory drugs or alcohol for at least 3 weeks prior to the study. Colonic biopsies did not reveal any evidence of intestinal inflammation.

Colonic miR-199a/b expression in patients with IBS-D {#s3a}
----------------------------------------------------

miRNA microarrays were used for miRNA profiling of colonic biopsies from patients with IBS-D and controls. Of the 460 human miRNAs represented in this microarray, aberrant expressions of selected miRNAs were observed in patients with IBS-D. This cluster analysis distinguished expression of specific colonic miRNAs that were either significantly decreased or increased in patients with IBS-D ([figure 1](#GUTJNL2013306464F1){ref-type="fig"}A) compared with age-matched and sex-matched controls. Expression of miR-199 family members including miR-199a and miR-199b was significantly downregulated (p\<0.001 and \<0.01, respectively). [Figure 1](#GUTJNL2013306464F1){ref-type="fig"}B illustrates miRNA expression analysis for miR-199a/b that was done using TaqMan microRNA qPCR Assay kits. Quantitative data from 45 patients with IBS-D and 40 controls further confirm a significant decrease in colonic miR-199a/b in patients with IBS-D compared with controls. Additional reproducibility studies were done by miRNA microarray and PCR array using 10 sample comparisons (see online supplementary figure S1A,B). Fluorescence in situ hybridisation (FISH) was done on colon tissue sections using a labelled, specific miR-199a/miR-199b probe. There were substantial decreases in miR-199a expression in the colon of patients with IBS-D **(**[figure 1](#GUTJNL2013306464F1){ref-type="fig"}C, upper panels) compared with controls ([figure 1](#GUTJNL2013306464F1){ref-type="fig"}C, lower panels). Colon miR-199b expression was also diminished in patients with IBS-D ([figure 1](#GUTJNL2013306464F1){ref-type="fig"}D, upper panels) compared with controls ([figure 1](#GUTJNL2013306464F1){ref-type="fig"}D, lower panels). We then correlated miR-199a/b expression in the colon of patients with IBS-D with the visceral pain scores. [Figure 1](#GUTJNL2013306464F1){ref-type="fig"}E illustrates Spearman\'s correlation analysis that revealed an inverse correlation between miR-199a expression and visceral pain scores in patients with IBS-D (r=0.64 with p\<0.001). Similarly, miR-199b expression also correlated with visceral pain scores (r=0.50 with p=0.001). These data strongly suggest that diminished miR-199a/b expression may augment visceral pain and GI symptoms in patients with IBS-D.

![Colonic miR-199a/b expression in patients with diarrhoea-predominant IBS (IBS-D). Microarray heat map depicting microRNA (miRNA) profiling of colonic biopsies from four patients with IBS-D and four controls. (A) Green colour illustrates decreased miRNAs expression, and red shows upregulation of miRNAs expression. Expression of miR-199a and miR-199b was significantly downregulated in patients with IBS-D compared with controls (p\<0.001 and \<0.01, respectively). (B) Box plots for the distribution of miR-199a and miR-199b. The bottom and top edges of the box indicate the intraquartile range, and the line inside the box indicates the mean. The circles outside the boxes are outliers (data points \>1.5\*IQR). Colonic miR-199a and miR-199b of IBS-D is decreased compared with controls (\*\*p\<0.01; \*p\<0.05). (C) Fluorescence in situ hybridisation (FISH) was used to identify the localisation of human colon tissue sections using a specific miR-199a probe. Substantial decreases in miR-199a expression in the colon of patients with IBS-D (upper panel) compared with controls are present (lower panel). (D) FISH on colon tissue sections using a labelled, specific miR-199b probe. Substantial decreases in miR-199b expression in the colon of patients with IBS-D (upper panel) compared with controls are present (lower panel). (E) Scatterplot of colonic miR-199a expression versus visceral pain scores in patients with IBS-D. The figure shows the regression line illustrating Spearman\'s correlation coefficients (r). DAPI, 4′,6-diamidino-2-phenylindole.](gutjnl-2013-306464f01){#GUTJNL2013306464F1}

Identification of TRPV1 as a target gene for miR-199 {#s3b}
----------------------------------------------------

We next addressed the following question: What are the mechanisms underlying the link between visceral pain and colonic miR-199a/b and TRPV1 expression? Based on 3′-UTR sequence analysis and prediction algorithms, translation of several proteins could be potentially targeted by miR-199a/b. Interestingly, the target prediction program, Sanger miRBase database (<http://microrna.sanger.ac.uk/>), indicated the presence of a highly conserved binding site for miR-199a/b in the 3′-UTR region of TRPV1 mRNA, which codes for CDS 276-2795, a well-characterised capsaicin receptor, and is the vanilloid receptor gene ([figure 2](#GUTJNL2013306464F2){ref-type="fig"}A, upper panel). To verify that TRPV1 is a bona fide target of miR-199a/b, luciferase reporter constructs containing the miR-199a and miR-199b recognition sequences from the 3′-UTR of TRPV1 inserted downstream of the luciferase gene were performed. Relative luciferase reporter activity of human 293T cell line, co-transfected TRPV1-wild type (wt) with miR-199a/b precursor was significantly lower than relative luciferase reporter activity of human 293T cell line transfected TRPV1-mut (mutant) with miR-199a/b precursor. In contrast, the cells co-transfected anti-miR-199a/b (inhibitor) with TRPV1-wt displayed increased luciferase activity compared with a TRPV1-mut with an miR-199a/b inhibitor ([figure 2](#GUTJNL2013306464F2){ref-type="fig"}A, lower panel).

![Identification of transient receptor potential vanilloid type 1 (TRPV1) as a target gene for miR-199. (A) Upper panel: the location of the putative miR-199a/b target site in the TRPV1 3′-UTR is shown with highly conserved binding site for miR-199a/b in the 3′-UTR region of the TRPV1 mRNA, which codes for CDS 276--2795, a well-characterised capsaicin (vanilloid) receptor (upper panel left: miR-199a; upper panel right: miR-199b). (A) Lower panel: relative luciferase reporter co-transfected either TRPV1-wild type (wt) or TRPV1-mut (mutation) firefly luciferase expression construct, along with either miR-199a/b or control precursors (or inhibitors). Luciferase assays were done after 48 h using a dual luciferase reporter assay system. All the groups are normalised to the average of TRPV1 MUT group co-transfected either with control precursor or with control anti-microRNA (miRNA) (average value=1). A significant decrease (or increase) in relative firefly luciferase activity in the presence of wt miR-199a/b (lower left: miR-199a; lower right: miR-199b) with miR-199a/b precursors (or anti-miR-199a/b inhibitors) indicates the presence of a miR-199a/b modulated target sequence in the 3′-UTR of TRPV1. Bars show mean±SD from eight separate experiments done in triplicate (\*p\<0.05). (B and C) Confocal immunofluorescent staining of human neuron cells. TRPV1 was reduced after miR-199a/b overexpression (B) compared with control precursor (C). (D) Left panel: ELISA assay of colonic TRPV1 expression in patients with diarrhoea-predominant IBS (IBS-D). Higher levels of TRPV1 expression were found in colon biopsies from patients with IBS-D (n=45) compared with controls (n=40) (\*\*p\<0.01). The circles outside the boxes are outliers (data points \>1.5\*IQR). Right panel: Substantial increases in colonic TRPV1 expression in patients with IBS-D (n=4) compared with controls (n=4) on western blot analysis (right upper panel). We have quantitative bands from the western blots and analysed the data with an internal control of GAPDH (right lower panel). DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](gutjnl-2013-306464f02){#GUTJNL2013306464F2}

Confocal immunofluorescent staining of human neuron cells revealed that expression of TRPV1 was reduced after lenti-miR-199a/b precursor transfection (overexpression of miR-199a/b) ([figure 2](#GUTJNL2013306464F2){ref-type="fig"}B) compared with lenti-control precursor ([figure 2](#GUTJNL2013306464F2){ref-type="fig"}C). Reduction in TRPV1 directly correlated with miR-199a/b expression and provides further evidence that (i) miR-199a/b may be a key contributing factor to visceral pain in patients with IBS-D and (ii) TRPV1 is a biologically relevant target of miR-199a/b.

Colonic TRPV1 expression in patients with IBS-D {#s3c}
-----------------------------------------------

Significantly higher levels of TRPV1 expression were found by ELISAs in colon biopsies from patients with IBS-D ([figure 2](#GUTJNL2013306464F2){ref-type="fig"}D, left panel). We then selected four patients with IBS-D and four age-matched and sex-matched normal controls to further examine colonic TRPV1 expression using western blots. There were substantial increases in TRPV1 expression in patients with IBS-D compared with controls ([figure 2](#GUTJNL2013306464F2){ref-type="fig"}D, right panel).

Visceral hypersensitivity and miR-199a expression in an animal model {#s3d}
--------------------------------------------------------------------

We used a *rat* model of VH to further investigate the mechanisms underlying the effects of miR-199 modulation on TRPV1 expression and to see whether miR-199 precursors can reduce VH.[@R20] [@R21] There were significant decreases in miR-199a expression in both the colon (\*\*p\<0.001) and DRGs (\*p\<0.01) in VH rats compared with control rats ([figure 3](#GUTJNL2013306464F3){ref-type="fig"}A). To confirm the decreases in miR-199a expression using an independent approach, northern blot analyses were performed. The results ([figure 3](#GUTJNL2013306464F3){ref-type="fig"}B) showed that there was significantly diminished expression of miR-199a in the colon (upper panel) and DRGs (lower panel) of VH rats versus control rats.

![Visceral hypersensitivity (VH) and miR-199a expression in an animal model. (A) Significant decreases in miR-199a expression in both the colon (\*\*p\<0.001) and dorsal root ganglions (DRGs) (\*p\<0.01) from VH rats compared with control rats. (B) Northern blots that show diminished expression of miR-199a in the colon (upper panel) and DRGs (lower panel) of VH rats versus controls.](gutjnl-2013-306464f03){#GUTJNL2013306464F3}

miR-199 precursors reverse VH via downregulation of TRPV1 {#s3e}
---------------------------------------------------------

At 3 and 8 days following intraperitoneal injection of miRNA (lenti-miR-199a precursors) into VH rats, there were significant increases in the visceral response threshold to colonic distension, indicating a large reduction in VH at 8 days following miR-199a treatment versus treatment with miR-control precursor ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}A). To confirm that (i) TRPV1 is the miR-199 target and (ii) miR-199 regulates VH in VH rats via TRPV1 signalling, ELISA assays were performed. [Figure 4](#GUTJNL2013306464F4){ref-type="fig"}B shows diminished TRPV1 expression in rat colon and DRGs 8 days following treatment with lenti-miR-199a precursor (n=5) compared with lenti-miR-controls (n=4) (\*p\<0.05). FISH was done with a labelled miR-199a specific probe to identify key target genes that modulate VH. [Figure 4](#GUTJNL2013306464F4){ref-type="fig"}C shows FISH for miR-199a and its co-localisation with TRPV1 expression in the DRG of VH rats that received lenti-miR-199a precursor ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}C.i) compared with VH rats that received lenti-miR-control injection ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}C.iv). There was a significant decrease in DRG TRPV1 expression in lenti-miR-199a precursor-treated rats ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}C.ii) compared with lenti-miR-controls ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}C.v). We found similar results in rat colon tissue. [Figure 4](#GUTJNL2013306464F4){ref-type="fig"}D shows enhanced colon miR-199a expression in VH rats ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}D.i) and diminished TRPV1 expression ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}D.ii) 8 days following lenti-miR-199a precursor treatment. Accordingly, there was increased TRPV1 expression **(**[figure 4](#GUTJNL2013306464F4){ref-type="fig"}D.v) with diminished miR-199a ([figure 4](#GUTJNL2013306464F4){ref-type="fig"}D.iv) in VH rat colon 8 days following lenti-miR-control injection.

![miR-199 precursors reverse visceral hypersensitivity (VH) via downregulation of transient receptor potential vanilloid type 1 (TRPV1). (A) Following intraperitoneal injection of microRNA (miRNA) (lenti-miR-199a precursors) into VH rats, there were significant increases in the visceral response threshold to colonic distension indicating a large reduction in VH (\*p\<0.01) at 8 days, but not at 3 days. (B) ELISA assay demonstrates diminished TRPV1 expression in rat colon and dorsal root ganglion (DRG) at 8 days following treatment with lenti-miR-199a precursor compared with lenti-miR-control (\*p\<0.05). (C and D) Fluorescence in situ hybridisation (FISH) with a labelled, specific miR-199a probe to identify key target genes that modulate VH. Increased miR-199a expression in DRG of VH rats that received lenti-miR-199a precursor treatment at 8 days (C.i) versus lenti-miR-control injections (C.iv). Decreased DRG TRPV1 expression is shown (C.ii) following lenti-miR-199a precursor treatment of VH rats compared with lenti-miR-controls (C.v). VH rats that received lenti-miR-199a precursor treatment exhibited increased miR-199a colonic expression at 8 days (D.i) versus lenti-miR-control injection (D.iv). Following lenti-miR-199a precursor treatment of VH rats, there was decreased TRPV1 expression (D.ii) compared with lenti-miR-controls (D.v). DAPI, 4′,6-diamidino-2-phenylindole.](gutjnl-2013-306464f04){#GUTJNL2013306464F4}

Discussion {#s4}
==========

This translational study reveals a major mechanism for visceral pain in patients with IBS-D. Our results provide the first evidence in patients with IBS-D that decreased colonic miR-199a/b expression contributes to chronic visceral pain and nociception via upregulation of TRPV1 expression. Although a potential role for increased expression of TRPV1 in functional GI disorders has been previously described, the mechanisms by which TRPV1 expression is elevated and the identity of specific miRNAs such as miR-199 that may modulate intestinal TRPV1 signalling and visceral nociception have not been previously elucidated.[@R13] [@R22]

Our study using an animal model of VH provides the first in vivo evidence that miR-199 may modulate VH and TRPV1-associated peripheral nerve changes ([figure 5](#GUTJNL2013306464F5){ref-type="fig"}). Our in vitro studies show that TRPV1 is an miR-199 target in both humans and rats. Furthermore, the results suggest a new potential strategy for treating visceral pain in patients with IBS-D, a concept that may also apply to other conditions with visceral pain. The results also show that in vivo introduction of an miR-199 precursor leads to decreased TRPV1 expression in rat colon and DRGs, which may be responsible for reversing VH. Overall we have presented unrecognised pathophysiological mechanisms underlying visceral pain in patients with IBS, which may have the potential for future development of miRNA-based therapies for IBS.

![Potential mechanistic relationship of miR-199, transient receptor potential vanilloid type 1 (TRPV1) and visceral hypersensitivity and visceral pain. Lentiviruses deliver microRNAs (miRNAs) in vivo and offer several potentially unique advantages over conventional retroviral gene delivery systems. Principal among these is the ability to provide a long-term and stable gene/miRNA expression and to infect non-dividing cells, such as dorsal root ganglion neuron cells. This study used lentiviruses to deliver and overexpress miR-199a to silence the TRPV1 expression. The related molecular mechanisms are illustrated. Left lower panel: environmental triggers lead to gut injury, which sets up a cascade of events that leads to a state of visceral hypersensitivity. This hypersensitivity state may be characterised by decreased miR-199 and increased TRPV1 expression. Right: after a host cell is infected by a RNA virus, the viral genome integrated into host genome in the nucleus to yield pri-miR-199a. The pri-miR-199a is processed by host factors in the nucleus to yield the pre-miRNA intermediate, which is then exported to the cytoplasm through exportin, where the mature miRNA (miR-199a) is generated via Dicer involvement and incorporated into the RISCs that are programmed by miRNA, and then inhibit expression of the host mRNAs (TRPV1) in the infected cell\'s cytoplasm. Decreased TRPV1 expression reverses visceral hypersensitivity. RISC, RNA-induced silencing complex.](gutjnl-2013-306464f05){#GUTJNL2013306464F5}

During the last several years, it has been increasingly appreciated that alterations in the expression of genes coding for miRNAs contribute to the pathogenesis of human diseases.[@R23] Moreover, non-coding DNA sequences account for \>95% of the human genome, and their unique role in sustaining human health and disease is becoming better recognised.[@R24] Large non-coding RNAs (ncRNAs) (\>200 bp) (eg, ultraconserved regions) contain conserved sequences that are associated with distinct gene expression signatures in human disease states.[@R23] Small ncRNAs (\<200 bp) (eg, miRNAs) have also been identified and are being recognised as important in regulating gene expression in important cellular processes (differentiation, proliferation, apoptosis, development) through imperfect pairing with target mRNAs of protein-coding genes.[@R25] The large number of miRNA platforms and analytical methods that have been developed in recent years has led to a challenge in cross-platform miRNA microarray comparison and reproducibility. In this study, following miRNA array analysis, we performed additional reproducibility studies by microarray and PCR array to confirm using 10 sample comparisons (see online supplementary figure S1).

It is becoming increasingly apparent that underlying pathophysiology of certain GI tract diseases and disorders may be related to aberrantly expressed miRNAs.[@R15] One recent study found increased expression of miR-510 in patients with IBS-D in which miR-510 targets HTR3E, a serotonin receptor gene.[@R29] Another study evaluated patients with both active or inactive UC and demonstrated differential expression of 11 miRNAs in active UC compared with inactive disease.[@R16] Recently, we began to elucidate such miRNA-related mechanisms in the gut and found upregulated miR-29a profiles in patients with IBS-D along with decreased glutamine synthetase and increased intestinal permeability.[@R17] Upregulated GI miR-29a expression increased intestinal permeability in patients with IBS directly through glutamine-dependent mechanisms and confirmed the previously reported functional interaction between miR-29a and the gene, GLUL, that codes for glutamine synthetase.[@R30]

TRPV1 is a non-selective ligand-gated cation channel that is expressed on peripheral primary afferent sensory neurons and, when activated (by heat temperature, capsaicin, acidic pH, resinferatoxin and/or inflammatory mediators), produces a burning sensation and/or pain.[@R31] Recent evidence suggests a role for TRPV1 in functional GI disorders, and this idea is supported by animal models in which TRPV1 is elevated following stress and/or inflammatory events. TRPV1 has been shown to modulate visceral sensitivity and mechanosensation in animal models following stress or colonic inflammation (adult or neonatal).[@R8] [@R21] However, the mechanisms by which TRPV1 signalling is increased in GI tissue in animal models and patients with GI symptoms are unknown.[@R13] [@R14]

This study revealed increased TRPV1 expression in colon tissue of patients with IBS-D, which was associated with visceral pain scores. These results support earlier findings by Akbar *et al,*[@R13] who reported increased neuronal expression of TRPV1 in colonic biopsies from patients with IBS that correlated with abdominal pain severity. These findings suggest a potential role for TRPV1 in the pathogenesis of visceral nociception following triggering events such as inflammation with resultant activation of immune or mast cells that may lead to upregulation of TRPV1.[@R32] The current work by our group extends these earlier findings and is the first to suggest a mechanistic and functional role for decreased colonic miR-199 expression in the potential regulation of chronic visceral pain and GI symptoms (via TRPV1 mechanisms) in both patients with IBS-D and in an animal model of VH. Thus, decreased miR-199 expression may be a key pathophysiological factor leading to increased TRPV1 levels and heightened GI nociception in humans.

We used an animal model of VH to elucidate the functional relationship between miR-199 and TRPV1 signalling in the gut and nervous system.[@R20] Our results show that VH rats had a significant decrease in miR-199 levels and an increase in TRPV1 in the colon and DRGs that correlated with VH. These results support earlier studies in animal models following stress or colonic inflammation in which quantitative expression of TRPV1 was shown to modulate visceral sensitivity and mechanosensation.[@R8] [@R21] We then determined whether miR-199 could be an important driving mechanism of TRPV1 expression. Following an injection (intraperitoneal) of an miR-199 precursor, there was a decrease in VH in rats. The decrease in VH correlated with upregulation of miR-199 and decreased TRPV1 in the colon and DRGs 8 days after the miR-199 precursor was given. The response time of 8 days may be caused by the intraperitoneal delivery route of lentiviral particles that may take longer due to loss of targeting efficiency given the complexities of the abdominal cavity and dynamics of intraperitoneal fluid movement. In fact, delivery of lentiviral particles in vivo requires a very high-titre virus (\>1×10^9^ TUs/mL or greater) as adsorption and fusion in a dynamic environment is much more difficult than a 'static' environment such as cell culture, where fusion of virus particles into cells can occur unabated. These novel in vivo findings are the first in which an miRNA precursor was used to modulate a downstream target that may drive visceral nociception.

In conclusion, this study suggests a role for TRPV1 in the generation and modulation of chronic visceral nociception in both patients with IBS and in an animal model of VH. Our results also extend previous knowledge related to increased colonic TRPV1 in that decreased miR-199 may be a potential factor that drives increased TRPV1 expression and results in increased abdominal pain and other GI symptoms in patients with IBS. We also discovered a potential role for miR-199 precursors, which may be ultimately used in vivo to dampen TRPV1 expression and reduce symptoms in patients with IBS. Future studies are now needed in patients with IBS that use miRNA precursors to reverse key nociceptive signalling processes that may be the underlying mechanisms that lead to visceral pain.[@R17] [@R33]
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